DNA adducts suggests a mechanism that does not involve the Helicobacter hepaticus infection is associated with chronic nitrosation of endogenous amines by nitric oxide. No mutations hepatitis and the development of liver tumours in mice.
have been observed in ras oncogenes or the p53 gene in The underlying mechanism of this liver carcinogenesis is carcinomas and adenomas from infected mice, indicating that not clear but the oxidative stress associated with H.hepaticus an epigenetic mechanism may be involved (6). Infection with infection may result in induction of lipid peroxidation and H.hepaticus does enhance the hepatic carcinogenesis induced the generation of malondialdehyde. Malondialdehyde can by the alkylating agent N-nitrosodimethylamine, which implies react with deoxyguanosine in DNA resulting in the formathe involvement of a tumour promotion mechanism (7). Howtion of the cyclic pyrimidopurinone N-1,N 2 malondialever, there is evidence for a role for reactive oxygen species dehyde-deoxyguanosine (M 1 dG) adduct. This adduct has (ROS): 8-hydroxy-deoxyguanosine (8-oxo-dG) levels were the potential to cause mutations that may ultimately lead significantly higher in infected mice and increased with time to liver carcinogenesis. The objective of this study was to (8) . Perfusion of livers with nitro blue tetrazolium revealed determine the control and infection-related levels of M 1 dG that increased superoxide was produced within hepatocytes, in the liver DNA of mice over time, using an immunoslotrather than by inflammatory cells (8). blot procedure. The level of M 1 dG in control A/J mouse Another likely outcome of increased ROS in H.hepaticus livers at 3, 6, 9 and 12 months averaged 37.5, 36.6, 24.8 infected livers is lipid peroxidation. Peroxidation of the and 30.1 adducts per 10 8 nucleotides, respectively. Higher polyunsaturated fatty acids of biological membranes in cells levels of M 1 dG were detected in the liver DNA of can result in many potential genotoxic products, with H.hepaticus infected A/JCr mice, with levels averaging malondialdehyde (MDA) being a major example (9-11). 40.7, 47.0, 42.5 and 52.5 adducts per 10 8 nucleotides at 3, Malondialdehyde can also be formed as a by-product of 6, 9 and 12 months, respectively. There was a significant arachidonic acid metabolism in the biosynthesis of prostaage dependent increase in the level of M 1 dG in the caudate glandins (12). The major adduct formed following the reaction and median lobes of the A/JCr mice relative to control of MDA with DNA is the highly fluorescent, cyclic Nmice. A lobe specific distribution of the M 1 dG adduct in 1,N 2 malondialdehyde-deoxyguanosine (M 1 dG). Reaction with both infected and control mice was noted, with the left adenine and cytosine deoxynucleosides occurs to a much lesser lobe showing the lowest level of the adduct compared with extent (13,14). The mechanism of formation of MDA by lipid the right and median lobes at all time points. In a separate peroxidation and subsequent reaction with deoxyguanosine is series of mice experimentally infected with H.hepaticus, summarized in Figure 1 . The M 1 dG adduct is repaired by both levels of 8-hydroxy-deoxyguanosine were significantly bacterial and mammalian nucleotide excision repair pathgreater in the median compared with the left lobe at 12 ways (15 nucleotides in control rat liver DNA. Malondialdehyde is controls were male A/J mice obtained at 4 weeks of age from the Jackson Laboratory, Bar Harbor, Maine. They were maintained in a separate room free of H.hepaticus in parallel with male A/JCr mice from a colony, originating from the Frederick Cancer Research Facility Animal Production Area, that was naturally infected with H.hepaticus. Livers were removed at random from 3, 6, 9 and 12 month old H.hepaticus infected A/JCr mice within a 1 week period. Control A/J mice were killed at 6, 9 and 12 months of age within 2 weeks of the infected mice; those 3 months old were killed 4 weeks later. All mice were killed in the morning. The livers were separated into lobes, a portion of each lobe fixed in formalin for histopathological examination, and the remainder stored at -80°C. Representative liver sections from each lobe were evaluated by a board-certified veterinary pathologist (Dr Miriam Anver, SAIC, Frederick, MD) and scored semi-quantitatively with regard to extent and severity of hepatitis and associated inflammatory lesions, as indicated in Table I (21). The livers of four mice were selected for DNA adduct determinations at each time point so as to provide a range of disease severity for comparison purposes.
DNA extraction procedure DNA was isolated from 0.5 g portions of each lobe of the liver using a direct salt precipitation method as previously described (21). The phenol extraction step following digestion with proteinase K was omitted and salt-aided precipitation was used for the remaining proteins (21). The concentration of DNA was measured by determining the absorbance at 260 nm using a GeneQuant spectrophotometer (Pharmacia Biotech, Cambridge, UK) assuming that one absorbance unit at 260 nm is equal to 50 µg/ml DNA. DNA was stored at -80°C until utilized. No DNA was available for the following samples: for the infected mice, three caudate lobes at 9 months; for the control mice, two caudate lobes at 3 months, one median lobe at 6 months and one caudate lobe at 9 and 12 months.
Preparation of M 1 guanine standard
The procedure was adapted from the one described by Hadley and Draper (22). Guanine (100 mg) dissolved in 2.5 ml 1.0 M HCl was incubated with a 1.0 M MDA solution at 40°C for 1 h. The MDA solution was prepared by incubating 1,1,3,3-tetramethoxypropane with 1.0 M HCl at 40°C for 40 min. The reaction mixture was centrifuged at 1000 r.p.m. for 10 min and the supernatant removed. The remaining pellet was extracted a further two times with HPLC grade water at 60°C (2 ml) and centrifuged as before. All three supernatants were combined and evaporated to dryness. The resulting yellow solid was redissolved in 3.0 ml 10 mM formic acid and then centrifuged at 1000 r.p.m. for 10 min. Aliquots of the supernatant were subjected to semipreparative HPLC using a Gilson HPLC connected to a Hypersil C18 BDS (250ϫ10 mm, 5µ) column. The column was eluted with solvent A (50 mM ammonium formate, pH 5.4) and solvent B (methanol using the following gradient: 0 min-0%B, 15 min-25%B, 25 min-35%B, 30 min-0%B) with a increase was limited to the caudate and median lobes of
The DNA was precipitated with ice-cold isopropanol and washed with ethanol followed by 70% (v/v) ethanol in water and redissolved in HPLC grade water the liver.
prior to storage at -80°C. An aliquot of DNA (2 µg) was subjected to acid hydrolysis using 0.1 M formic acid at 70°C for 1 h. The level of M 1 guanine
Materials and methods
following hydrolysis was determined using a Waters 600E pump and system Materials controller HPLC coupled to a Waters 484 UV detector in series with a Waters 470 fluorescence detector. A Hypersil C18 BDS (100ϫ2.1 mm, 3µ) column Calf thymus DNA, 1,1,3,3-tetramethoxypropane, propidium iodide, Tween-20 was used which was eluted isocratically with 99:1 (v/v) 0.1 M triethylamine and guanine were purchased from Sigma (Poole, UK). All other reagents acetate (pH 5.0):methanol at a flow rate of 0.2 ml/min. UV absorbance was (analytical grade) and HPLC grade solvents were purchased from Fisher monitored at 260 nm and fluorescence was monitored at 360 nm for excitation Scientific (Loughborough, UK). Phosphate buffered saline was prepared using and at 500 nm for emission. Oxoid tablets (Oxoid, Basingstoke, UK). HPLC grade water, 18.2 MΩ output quality was obtained from Maxima purification equipment (Elga, High
Immunoslot-blot procedure for the determination of M 1 dG DNA adduct levels Wycombe, UK). This method has been described by Leuratti et al. (25) but several modifications Animals and livers have been made. Liver DNA samples or DNA standards for the calibration line were pipetted (3.5 µg) and the final volume adjusted to 100 µl with The DNA for this study was the same as that used previously for assessment of 32 P-post-labeled indigenous DNA adducts (I compounds) (21). In brief, the 10 mM K 2 HPO 4 , pH 7.0. DNA was sonicated for 20 min using an ultrasonic 
The severity of lesions was evaluated semiquantitatively on the basis of inflammation, necrosis, leukocytic infiltrates, bile duct hyperplasia, oval cell hyperplasia, hepatocyte hypertrophy and foci of hepatocellular alteration, as previously described (21). Minimal focal inflammation and/or necrosis, scored (ϩ), is common in disease-free mouse liver of all types. ND, not determined; LOD, limit of detection.
bath (Decon Laboratories, Hove, UK). Following the addition of 150 µl phosphate buffered saline (PBS), the samples were heat denatured at 100°C for 5 min in a boiling water bath and then cooled on ice for at least 10 min before the addition of 250 µl 2 M ammonium acetate. The resulting singlestranded DNA was pipetted (1 µg) in triplicate onto a nitrocellulose filter (Protran ® BA 79, 0.1 µm; Schleicher & Schuell, Dassel, Germany) using the Minifold II blotting apparatus (Schleicher and Schuell). Prior to usage the nitrocellulose filter was pre-soaked in HPLC grade water followed by 1 M ammonium acetate. Following the application of DNA, the slots of the blotting apparatus were washed with 200 µl 1 M ammonium acetate. The filter was heated at 80°C for 1.5 h and blocked for non-specific binding for 1 h with 100 ml 5% non-fat milk powder (Marvel, Premier Brands, UK) dissolved in phosphate buffered saline containing 0.1% (v/v) Tween-20 (PBS-T). Following blocking the filter was washed for 5 min twice with 50 ml PBS-T. The filter was incubated at room temperature for 2 h then at 4°C overnight with the primary antibody specific for M 1 dG (0.3 mg/ml) (26), diluted 1:48 000 with 40 ml 0.5% non-fat milk powder PBS-T. Following washing with 50 ml PBS-T for 1 min and then twice for 5 min, the filter was incubated for 2 h at room Fig. 2 . Typical HPLC chromatograms obtained after acid hydrolysis for the temperature with horseradish peroxidase-conjugated secondary antibody (goat determination of the level of M 1 G formed following the incubation of calf anti-mouse; Dako A/S, Denmark), diluted 1:4000 with 32 ml 0.5% non-fat thymus DNA with 2 mM MDA by (A) UV and (B) fluorescence detection milk powder PBS-T. The filter was washed with 50 ml PBS-T for 15 min (1 µg of hydrolysed DNA was injected onto the HPLC column). followed by a further two 5 min washes. Finally the filter was incubated with the chemiluminescent reagent consisting of 4 ml luminol/enhancer solution plus 4 ml stable peroxide buffer (Supersignal ® West Dura extended duration between infected and control mice at each time point, and for examination of substrate; Pierce, Rockford, IL) for 5 min and exposed to chemiluminescent time trends. Significances of differences were tested by use of Instat from sensitive hyperfilm prior to an image of the filter being acquired using a GraphPad Software Inc., San Diego, CA, and included parametric and nonFluor-S MultiImager (Bio-Rad, Hercules, CA). The intensity of chemiluminesparametric tests as appropriate. cent signal for each band was determined using the image analysis software. The level of the adduct in the liver DNA samples was determined from the calibration line generated by the dilution of standard DNA (with control Results DNA) containing known amounts of the M 1 dG adduct.
Determination of M 1 dG using the immunoslot-blot procedure Determination of the amount of DNA bound to the immunoslot-blot filter
The nitrocellulose filter was washed with PBS for 10 min and incubated with The M 1 G standard was used to construct calibration lines for a solution of propidium iodide (250 µg) dissolved in PBS (50 ml) for 3 h in HPLC which were then used to determine the level of the dark. Following incubation, the filter was washed with PBS for 1 h and modification in calf thymus DNA that had been incubated an image of the filter was captured using the Fluor-S MultiImager. The level with 1,1,3,3-tetramethoxypropane. Figure 2A Figure  3A shows a typical image of the immunoslot-blot filter with the calibration line on the left and samples pipetted on the right. An aliquot of commercially available human blood (buffy coat) genomic DNA purchased from Boehringer Mannheim was also pipetted onto the filter to ensure the immunoslot-blot gave consistent results over time from one blot to another. Figure 3B shows the typical image obtained using the BioRad multimager following staining with propidium iodide. The intensity of the signal was directly proportional to the amount of DNA (up to 3.0 µg) pipetted onto the filter (data not shown). The level of adduct in each sample was corrected for the immunoslot-blot method for determining M 1 dG was 2.5
Significance of the line slopes as different from zero are shown on the adducts per 10 8 unmodified nucleotides, which was comparable graphs.
with that obtained by published methodology (27) . The sensitivity of immunoslot-blot method is greatly enhanced since only detected in the liver DNA of H.hepaticus infected A/JCr mice, 1 µg DNA is required per adduct determination, with the with levels averaging 40.7, 47.0, 42.5 and 52.5 adducts per added advantage that each sample is analysed in triplicate.
10 8 nucleotides at 3, 6, 9 and 12 months, respectively. Furthermore, since quantitation of adduct levels is based on a Lower M 1 dG adduct levels in left and caudate lobes than in calibration line derived from a DNA standard with known right and median lobes of the liver amounts of modification blotted onto the same filter as the liver DNA samples, the results can be standardized for different At all time points, in both infected and control mice, the level of M 1 dG adduct was lower in the left liver lobe than in the analyses.
median and right lobes (Figure 4) . At most time points, the Comparison of M 1 dG adduct levels between A/J and adduct was also lower in the caudate lobe. The differences A/JCr livers among lobes were of statistical significance for control mice The level of the M 1 dG adduct in each mouse liver was at 3 and 12 months and for infected mice at 6 and 12 months calculated as the average of the values for the four lobes by ANOVA, with differences close to significance for controls (Table I ). The level of the adduct at each time point was at 9 months and for infected mice at 3 months. derived from the average of the values from the livers of four Changes in M 1 dG adduct levels in liver lobes with time mice. The level of M 1 dG in control A/J mice livers at 3, 6, 9 and 12 months averaged 37.5, 36.6, 24.8 and 30.1 adducts per
In control livers, the adduct levels tended to decrease slightly with age ( Figure 5A-D) , with none of these differences being 10 8 nucleotides, respectively. Higher levels of M 1 dG were n ϭ 2 n ϭ 3 n ϭ 3 12 weeks 0.72 Ϯ 0.11 2.26 Ϯ 1.33 1.71 Ϯ 0.12 2.51 Ϯ 0.11* n ϭ 2 n ϭ 3 n ϭ 3 n ϭ 3 Fig. 6 . Comparison of M 1 dG adduct levels Ϯ SD in caudate plus median lobes, control versus infected, at (A) 3, (B) 6, (C) 9 and (D) 12 months.
*P ϭ 0.0076 versus left lobe. Comparisons for these time points for the left liver lobe are shown in (E-H). P values for possibly significant differences are shown on the graphs. In addition, values for the lobes analysed separately were although this possibility has not been systematically studied.
significantly different in control versus infected mice for the caudate lobe Sections from the various lobes in the present study showed at 12 months (P ϭ 0.0001) and for the median lobe close to significance no consistent differences among lobes with regard to severity at 6 (P ϭ 0.054), 9 (P ϭ 0.061) and 12 months (P ϭ 0.11).
or extent of hepatitis. There were no clear correlations between extent of hepatitis in each liver, as scored semi-quantitatively, of statistical significance. The largest apparent decrease was and the M 1 dG adduct in caudate or median lobes, or averaged in the left lobe (P ϭ 0.17; Figure 5A ). In contrast, in the among all lobes (Table I ). In the median lobe, the lowest level infected livers, the adduct levels in the left and right lobes did of the M 1 dG adduct was found in the livers with most extensive not change significantly with age ( Figure 5E and H), but those disease at 3 and 6 months, but the opposite was true at in the caudate and median lobes increased significantly ( Figure  9 months, and at 12 months no pattern was evident. There 5F and G). This was particularly consistent and striking for was also no correlation with total 32 P-post-labeled adducts, the caudate lobe ( Figure 5F ; P Ͻ 0.0001).
reported previously (21). Both sets of data were closely Higher M 1 dG adduct levels in caudate plus median and in left inspected for possible relationships between the M 1 dG adduct lobes of infected mice and the individual 32 P-post-labeled adducts; none were found In comparisons utilizing combined data from the caudate and (data not shown). median lobes, which showed an age-related increase in the M 1 dG adduct in infected but not control mice (Figure 5 ), the Discussion average values were higher for the infected mice, compared
The results of this study show that the natural infection of with control mice, starting at 6 months, and of statistical livers of mice by H.hepaticus, previously noted to involve a significance at 9 and 12 months ( Figure 6A-D) . Values for progressive increase in levels of 8-oxo-dG in DNA with age the left lobes were also compared, since these decreased in (8), also led to age-related elevations in M 1 dG. Strikingly, this the controls but not the infected mice. The latter had a higher increase was limited to the caudate and median lobes of the average of the M 1 dG adduct at all time points, with differences
liver. An apparent increase in the left lobes relative to controls that were significant or close to significant at 9 and 12 months was due to a decrease of the M 1 dG adduct in this lobe in (Figure 6E-H) . controls over time.
Higher 8-oxo-dG in median versus left lobe in mice experiment-
In a separate group of mice experimentally infected with ally infected with H.hepaticus H.hepaticus, analysis of 8-oxo-dG had been carried out only Earlier we reported an increase in average levels of 8-oxo-dG in on left and median lobes. At 12 weeks after the start of the livers of male mice experimentally infected with H.hepaticus, infection, levels of 8-oxo-dG were significantly higher in the compared with controls, up to 12 weeks after introduction of median compared with the left lobes, confirming elevation of the bacteria (8). In that study, left and median lobes of each ROS in this lobe. The reason for this lobe restriction in liver were analysed separately, and these per lobe data have elevation of both M 1 dG and 8-oxo-dG is unclear. The caudate now been analysed. As shown in Table II, at 12 weeks, when and median lobes are centrally located in proximity to the gall minimal hepatocellular necrosis was observed in the infected bladder. This may be relevant, since H.hepaticus bacteria livers, the median lobe had a marked, significant higher level inhabit the bile canaliculi. of 8-oxo-dG compared with the left lobe. No consistent As in the case of 32 P-post-labeled adducts (21), the levels or significant differences between these lobes were seen at of M l dG adducts did not correlate with extent of hepatitis in earlier times or in the control mice at any time. It may be a representative section of each liver lobe. We obtained a noted, however, that overall average levels of 8-oxo-dG were similar result for 8-oxo-dG (unpublished data). It is possible significantly higher in the infected mice by 2 weeks after that, since the disease is very focal within the liver, the treatment (8).
representative sections do not provide an accurate indication Relationship of M 1 dG adduct levels to liver disease and of overall extent of inflammatory disease within the lobe.
P-post-labeled adducts
Alternatively, the various DNA adducts may reflect events other than an inflammatory response. 
